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SUMMARY 

An investigation WBB conducted t o  determine the  effect  on perform- 
* Ebnce of two methods (iris outer she= and translatable  outer shell or 

3 
3 frcn about 1.5 t o  30. 

translatable plug) of throat-mea mdulatian of t w o  convergent plug noz- 
zles. These nozzles  included a 30° conical plug nozzle and an isen- 
tropic plug nozzle. Data were obtained over a range of pressure rat ios  

For a given outer-shell  size, a nozzle with an iris outer  shell 
provides higher thrust coefficients over 8 greater range of throat areas 
than  a nozzle with a translatable outer shell. The peak thrust  coeff i- 
cients' f o r  the iris outer shell were insensitive t o  area modulation  over 
the range  covered (a0 percent  area change)  while those of the translat- 
able outer shell decreased at  both  the s m a l l  and large throa t  areas. 
These decreases resulted from Prandtl-Mspr enpansion lossee at the mall 
throat area6 (throat located on curved por t ion  of plug) and under ex- 
pansion lossee at the Large throat meas. A t  the mall throat  areas, 
these loases can be alleviated, however, by increasing the size of both 
the  outer shell and plug. 

The effect of thrmt-mea. mdsilatian on the  internal performance 
dharaCteristiC8 was about the same f o r  both the  isentropic and the con- 
ical plug nozzles. 

Based on an arbitrari ly  selected throat area,  the flaw coefficients 
for the configuratims investigated  varied frm 0.80 to 0.94 when the 
flow was choked. 

W 
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INTRODUCTION 
I 

The  convergent plug nozzIe has good t h a t  co-efficients  over a wide 
range of nozzle  pressure  ratios  as shown in  references 1 to 3. The 
peak thrust coefficients'were as high as those of a convergent-divergent 
nozzle,  and were relatively  insensitive to m z z h  pressure ratios below 
the  design  point. 

The  effect of plug deslgn rtnd outer  shell design o n  plug nozzles 
of fixed  design  or  given  expansion  ratio  is Wesented Fn references 2 
and 3, respectively. These data,  'however, ad not show  .what  the  effect 
of throat-area  vgristion, and hence  changes in expansion  ratio, would 
have on the  performance of nozzles of given design. 

.. - 

This investigation waa conducted to determine how throat-area 
modulation would affect  the  off-deaign  performance of plug-type nozzles. 
The throat  areas were-varied by  translating  outer  shells and by simulated 
iris outer  shells. 

The plug nozzles  were  investigated  over  .range of nozzle press& 
ratios fram 1.5 to 3 0 . .  Two plug nozzles w e r e .  investigated, an isentropic 
plug nozzle  designed by-the method af Characteristics to provide axial 
flow at  the Wcharge at a nozzle pressure  ratio of 9.5 and a 30° conical 
plug nozzle.  The  ratio of the maximum throat area to  the mFnimum throat 
area was as high as 2:l for the  configurations  investigated. 

Nozzle  Configurations 

Both  conical  and  isentropic plug nozzles were used in this investl- 
gation.  Bimulated iris and translatable  outer shells were used. to v&Iy 
the  throat azea. Ekploded  views of.the typical  conical. and isentropic 
plug nozzles are shown in figures l(a) and (b), respectively.  The  aft 
section (downstream of the  throat) of the  isentropfc plu@; was desised 
by the  method of characteristics  for a nozzle pressure ratio of 9.3. No 
boundary-layer  correction was applied and the tail  of  the plug was cut 
off at a smal l  diameter to reduce  the  length. 

" 
" 

-. 

. s  

. .  

Outer shells  with various exit  angles  were  used to sirrmlate  the 
iris-type  nozzles. The translatable  outer-shell-type  nozzles were simu- 
lated  by  Fnsertion of spool pieces (fig. l(a)) of various Lengths, which 
changed the position  of the outer-shell  exit with respect to the plug. 
The .dimensions of the parts of all configurations  are  given in table I. 

" 
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Trmslat&ble cuter-shell nozzles. - The nozzles used t o  study  the 
effects of a translatable  outer shell on the mformance of the conical 

P 

plug  nozzle  consisted of configurations 1 t o  2 (table I(a>).  

The effects of area m0aUla;tion with a translating outer shell on the 
performance of the  isentrqpic  plug  nozzle were Investigated with config- 
urations 8 t o  10 (table I(b] 1. 

The isentropic  plug was modified t o  reduce the maxinrum diameter, as 
shown by the dashed l i n e  in table I(b) . The performance of the modified 
plug with a translatable outer shell  -8 shown by configurations 1l t o  
13. 

SfmuLated iris-type  nozzles. - The effect of area modulation with a 
sindated iris-type outer shell on the performance of the conical  plug 
nozzle was  studied with configurations 5 to 7. 

A 
0 

P 
(d 

The effect of simulated irlts outer shell on the performance of the 
isentropic  plug  nozzle was shown by configurations 12, 14, and 15. The 
moaified isentropic  plug w a ~  used for  these  configurations. 

Installation 

The nozzles were installed i n  a test chamber that w a s  connected to 
the  laboratory cambustion air and altitude-exhaust  facilities as shown 
in figure 2. The nozzles were bol ted  to  a mounting pipe that was freely 
suspended by four  flexure rods connected t o  the  bedplate.  Pressure  forces 
acting on the nozzle and mounting pipe, both d e %  and Fnternal, were 
transmitted from the bedplate  through a flexure-plate-supported be l l  
crank and linkage t o  a balanced-&-pressure diaphra@pl force-measuring 
ce l l .  Pressure differences across  the nozzle and mounting pipe were main- 
taFned by labyrbth seals around the mounting pipe that separated the 
nozzle M e t  air  frcan the exhaust. The space between the two labyrinth 
seals was vented t o  the test c-er. This decreased the pressure aif- 
ferential   across the second labyr3n-h and prevented a presswe gradient 
on the autside of the Wfuser section due t o  an air b las t  fram the 
labyrinth seal. 

Ins truznrentat ion 

Pressures and temperatures w e r e  masured at the various 6tatiaS 
that are indicated in figure 2. Tota l -  and wall static-pressure measure- 
ments at station 1 were used t o  conrpare W e t  maenturn, and total- and 
static-pressure measurements (stream and wall static) at s ta t ion 2 were 
used t o  compute air  flow. 'Potal  pressure and temgerature were measured 
at the nozzle w e t  (station 3). Anibient-extmust-pressure was provided 
at s ta t ion 0, and a static-pressure survey was &e on the  outside walls 
of the b e m u t h  inlet. 
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Performance dah for  each configuration were obtained over a Ymge 
of nozzle  pressure rat ios  at a constant air flow. The nozzle inlet-air 
temgerature was about 540° R and the nozzle  pressure r a t i o  was varied 
fram about 1.5 to   the  nsaximum obtainable. Maximxu pressure  ratio varied 
from configuration t o  configuration because of the varying throat  areas 
and the limiting sir-handling capacity of the air supply and exhaustkr 
equipment. 

The thrust  coefficient was calculated by dividing  the  actual jet 
thrust by the ideal thrust. The actual jet thrust was ccquted from the 
force measured  by the balanced-air-pressure diaphragm and from pressure 
and temperature measumnents msde throughout the setup. The ideal   je t  
thrust was calculated  as  the product of the measured mas8 flow and the 
isentrqpic jet velocity based on the nozzle  pressure r a t io  and the inlet 
temgerature. To sbqlify the use of the  air-flow data, the throat area 
wed in the  calculation of the  air-flow parameter w8s defined as the 
a,rtnulu area between the  outer-shell  exit and the plug Fn a p k e  per- 
pendicular t o   t he  nozzle axis. The symbols and methods of calculatim 
used i n  this report are presented in appendixes A and B, respectively. 

Performance of Translatable Outer-Shell-Type Plug Nozzle 

Conical  plug  nozzles. - The thrust coefficient  for a nozzle with a 
translatable outer  shell and the  conical plug are  shown in figure 3(a) 
plotted against nozzle pressure ra t io .  Data are shown for  relative throat 
areas from 0.72 t o  1.4. Relative  throat area is defined as the   ra t io  of 
the  effective thrmt t o  the effective  throat area of configuration 1. 
The effective throat area is the  theoretical threat area for  choked flow 
c c q u t e d   f r m  air flow and nozzle-met  total pressure and teqerature. 
The effective throat area is tabulated in table I fo r  each configuration.. 

The thrust  coefficients were relatively  insensitive  to  pressure 
r a t i o  below the pressure  ratio  at which the peak thrust coefficients oc- 
curred. The peak thrust coefficients =fed frau 0.95 t o  0.975. The 
th rus t  coefficlent peaked at pressure  ratios slightly above the pressure 
r a t i o  corresponding to the exgarision ra t io  of the  nozzle  (ratio of the 
outer-shell e x i t  area to  throat  area A d % ) .  Translating  the shell 
toward the plug t i p   t o  increase the nozzle flow area decreased the ex- 
pansion ratio; consequently, the peak thrust  coeff icients occurred at 
lower pressure  ratios. T r a n s l a t i n g  the  outer shell t m d  the maximum 
diameter of the plug; which increased  the  expanaim  ratio, lowered the 
peals thrust  coefficients because of a Prandtl-Meyer expansion induced 
by the w e d  portlon of the plug (see refs. 2 and 3). T h i s  condition 
also Fncreased the over-expansion losses. 
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Isentropic  plug  nozzle. - The effect of a translatable outer shell 
- on the performance of the isentropfc  plug  nozzle is shown in  figure 3{b 1. 

The re la t ive   twoat  area (effective throat areafeffective throat area 
of configuratian 8) was varied fram 0.80 t o  1.22. The peak thrust co- 
eff icFents for these  configuratiom varied fram 0.97 to 0.985, m c h  w a s  
1 or  2 percentage  points higher than  those  for the conical plug nozzle. 
The thrust characteristics were the same as those f o r  the conical plug 
nozzle  except that the peak thrust coefficient did not drqp off as much 
*en the outer shell was ,translated toward the maxirmrm. diameter of the 
plug. This is a result of the more gradual curvature of the isentropic 
plug contour approachhg the maximum diameter. As the curvature of the 
plug becomes more gmdml, the m~bximum dfameter Fncreases. 

E 
CH 

The basic isentropic plug was modified to reduce the maximum diam- 
eter. The plug contour approaching the hung was redesigned with a p a t e r  
rate of curvature as is shown by the dashed line i n  table I(b) . The. 

LI effect of the modified isentropic plug an the performaqce of a translat- 
able outer-shell-type  nozzle is shown Fn figure 3(c) .  The thrust  coef - 
f ic ien t  is plotted  against pressure r a t i o   f o r  a range of re la t ive throat 

frm 0.71 t o  1.25. The performance of the modified plug was the 8- 
&8 that of the basic isentropic  nozzle for the design cadi t ion   { re la t ive  
throa t  area, A, = 1.00). A greater decrease LU thrust coefficfent is 
shown, however, when the outer-shell exit is mved towards the maximum 
diameter of the plug because of the Increased rate of curvature of the 
plug  cont om. 

* a r e a s  (effective  throat  area/effective throat area of configuzation 12) 

Perfomnce of Iris-Outer-Shell-- Plug Rozzles 

Conical plug  nozzles. - The performsnce characteristics of a conical 
plug nozzle with an iris-type outer shell are shown In figure 4(a). 
Thrust coefficient is plotted against nozzle pressure r a t i o   f o r  a range 
of re la t ive throat axeas (effective throat areaieffective  throat area of 
configuration 1) from 0.78 to 1.41. The thrust coefficients were rela- 
t ively insensitive to pressure ratio below the pressure  ratio at which 
the peak thruet  coefficient  occurred. The thrust coefficients varied 
between 0.97 and 0.975. For this nozzle, as f o r  the translatable-type 
outer-shell nozzle, the thrust coefficient peaked at pressure r a t io s  
slight3y above the pressure r a t f o  corresponaing t o  the expansion r a t io .  
In contrast t o  the p e r f o m c e  of the translatable-type  nozzle,  there 
were no losses In peak thrust coefficient with the iris outer shell f o r  
variations in throat area. This improvemnt in perfornrance results fram 
the fact that the throat was always damstream of the curved section of 
the plug. The peak thrust coeff icfents occurred at  lower pressure  ratios 
as the throat area was increased  because the expansion r a t i o  decreased. 

v 
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Isentropic  plug  nozzle. - The performance of the modified isentr  
plug with a simulated iris-type outer shell is presented i n  figure 4(3? - 
The thrust coefficient is plotted  against  nozzle pressure r a t io   fo r  rela- 
tive  throat areas (effective throat  area/effective thro,at area of config- 
uration 12) frm 0.87 t o  1.28. The thrust characteristics  for the mod- 
ified  isentropic  plug were the same as those far the conical plug exce-gt 
that the peak thrust coefficients were 1[2 t o  1 percentage  point higher. 

Sensit ivity  to Throat-Area Variation i4 
M 

A cam~parison of the p e r f o m c e  obtainable from the conical  plug 
nozzle with two methods of throat-area variatlan is shown in figure 5. 
A similar p lo t   for  the isentropic  plug  nozzle was not lflcluded  because 
the performance characteristics are the same except that the thrust co- 
efficient would be slightly higher for  the isentropic plug. The thrust 
coefficients at a nozzle pressure r a t io  of 3 and 10 are shown in figuree I 

5(a) and {b), respectively. The thrust coefficients  obtained w i t h  the 
iris outer shell were almost Independent of throat-area variation at both 
nozzle presmre ratios of 3 and 10. A t  a nozzle prbssure r a t io  of 3, the w 

thrust  coefficients  obtsbed with the translatable outer shell -re lower 
than those  obtained with the iris shell at the low relative throat -88 
because of the greater overexpansion losses. A t  a nozzle pressure r a t io  
of 10, the thut coefficients  obtained with the translatable  outer shell 
were lower than those  obtained with the iris outer shell at both  the low 
and high values of relative  throat &rea. The decrease i n  thrust coeffl- 
cient at the high relative  throat sress was caused by underexpansion. 
The reason the translatable outer shell had greater mderexpansion losses 
t u  the iris outer she= is ahown figure 5( c 1 . TIE expansian r a t io  
of the iris-outer-shell  nozzle  varied less with throat-area modulation 
than the translatable outer shell. 

. -  

.. 

.. . 

Frm the foregoing it c m  be seen tbat order t o  avoid serioue 
losses in performance with a translatable outer shell, the throat muat 
always be located downstream of the curved section of the plug. If 
serious  thrust  losses are t o  be avoided, a translatable outer-shell noz- 
zle that is designed fo r  the maximum throat area of a given flight pLan 
w o u l d  have t o  have a larger  outer shell and plug than an ir5.s-typ noz- 
zle. "his ie shown by the f ollowFng sketch. 
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The sol id  line represents 8, nozz1e"Lhat is designed fo r  a given  pressure 

the flow area at the max- diameter of the plug  should just equal the 
throat axe& (see ref. 2) and the throat &rea should be just downstrean 
of the curved section of the-plug. Smaller throat azeas wfth an iris 
nozzle can be obtained  without  seriaus performance penalties. In order 
t o  reduce the throat area with a translatable  outer shell without  per- 
formance losses the size of the  plug and outer  shell  would have t o  be 
jncreased as shown by the  dotted lines Fn the  sketch. This increase 
would pos i t im  the curved section of the plug further upstream and the 
throat would remain on the straight section of the plug 8s the exit was 
translated upstream. Therefore, for a given s ize  outer shell the iris- 
type  outer she l l  provides a greater range of throat  areas  without a 
serious  penalty in performance. 

- ratio and maximum throat area. To provide a minimum outer-shell diameter, 

.. Air-Flow Parameter 

The corrected  air-flow parameter fo r  all configurations is plotted 

air-flow parameter (0.344 Ib/(sec] (s in} 1 for choked flow is shown by a 
dashed Une. The flow coefficients  ?ratio of experimental  sir-flow pa- 
rameter t o  theoretical air-flow parameter) for these  configurations  varied 
from 0.80 t o  0.985 when the flow wa8 choked. Eo simglify the use of the 
air-flow data, the throat area used Fn the  calculation of the air-flow 
parameter was defined 88 the mnulus area between the outer-shell exit 
and the  plug in a plsne  perpendicular t o   t he  nozzle axis (areas l i s t e d  
In  table I>. For most configurations  this area wis greater than  the 
actual physical flow area, and consequently the flow coef fk ien ts  were 
lower than  those for a simple convergent-divergent  nozzle. 

. against nozzle  pressure r a t io  in figure 6 .  The theoretical  value of the 

The ef f e C t  of two IUethOds of thrat-sxea, md.uh,tion (iris outer shell 
and translatable  outer shell or  plug) on the internal performance charac- 
t e r i s t i c s  of two convergent plug  nozzles was determined over a mnge of 
nozzle  pressure  ratios frcrm 1.5 t o  30. The two nozzles  consisted of a 
3 0 ~  conical plug nozzle and an isentrqpic  plug  nozzle. 

For a given size  outer shell, a nozzle with an iris-type ouhr shell 
provided higher thrust  coefficients over a greater rmge of throat areas 
than a nozzle  with a translatable outer shell. The peak thrust coeff i- 
cients  obtained with the iris outer shell were fnsensitive t o  throat-area 
variation over the range  covered (60 percent area change), w h i l e  those of - the t ramlatable   outer   shel l  decreased at both the smF1.71 and large throat 
areas. These decreasee  resulted f r o m  Prandtl-hyer expansion losses a t  
the mall throat  areas (throat located on curved portion of  plug) and 

J underexpansion loeses a t  the large throat areae. A t  the amall throat 
areas,  these losses can be alleviated, however, by increasing the  e ize  
of both  the outer  &ell and plug. 
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The effect  of throat-area  maulation on the Fnternal performance 
characteristics was about the same fo r  both the isentropic and the c m -  
i ca l  plug nozzles. 

When the flow was choked, the flow coefficients f o r  the  configura- 
t ions investigated varied from 0.80 t o  0.94. Use of the air-flow data 
was sjmpllfled by defining the throat area 8s the annulus between the 
outer shell exit and the plug in  a plane perpendk- t o  the nozzle 
axis. For moat configurations, this area was larger than the actual 
flow area, and consequently the flow coefficlents were lower than t h a e  
for  a simple  convergent-divergent  nozzle. 

Lewis Flight Prapulsian Laboratory 
National Advisory C a n r m i t t e e  for Aeromutics 

Cleveland, Ohio,  December 14, 1954 
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The following symbols are  used in this report: 

A' Fnside area, sq f% 

AL pipe area under labyrinth seal, sq f t  

!e 

Ar 
plug  projected area, sq Ft 

relative  throat area 

As 

At throat area (azmulus between outer-shell exit area asd plug in 

exit area of outer shell, sq f t  
r 

plane  perpendicular t o  plug axis 1, sq f t  - 
effective throat area for choked flow computed fram mss flow, 

t o t a l  pressure, and temperature 

cr thrust coefficient 

F thrust, l b  

Fa balanced-air-pressure-diazbragn reading, Ib 

Q acceleration due to gravlty, 32.174 f t  faec 

LP 

LS 

P t o ~ a l  pressure, ~ / s q  f t  

2 

distance from maximum diameter of plug t o  downstream t i p  of plug 

distance from maximum diameter of plug t o  outer  shell exit 

P static  pressure,  lb/sq f t  

~ b m  

R gas constant, 53.3 ft-lb/(lb)(OR) for air 

integrated  static  pressure  actfng on outside of bellmouth inlet 
t o  s ta t ion 2, lb/sq f t  

T t o t a l  temperature, OR 

v velocity, ft/sec 

wa measured air flaw, lb/sec 

- 
4 

r ra t io  of  specific  heats - 
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A 

ra t io  of total pressure a t  nozzle  inlet  to  absolute  pressure  at 
NACA standard sea-level conditions 

r a t io  of total temperature a t  nozzle inlet t o  absoluiie temper- 
ature at NACA standard sea-level  conditions 

corrected air-flow parmeter, lbl(sec) (sq in) 

Subscripts: 

e nozzle exit 

i ideal 

j Jet  

0 exhaust or ambient 

1 M e t  

2 diffuser inlet . - . . . .  

3 nozzle inlet 

. . .  

. . . . .  .. I -  - . , ~ "  . .  

. . . . . . .  . . .  - 

. ." 

" 
.. 



cu 

Q 

A f r  flow. - The nozzle air flow was calculated as 

*ere y was assumed to be 1.4. 

Thrust .  - The j e t  thrust m s  def bed as 

where Fa was obtained frcan balanced-air-pressure  measuraents. 

The ideally  available  jet thrust, Vhich WE based on measured mass 
flow, was calculated as 

Thrust  coefficient. - The thrust coefficient fs defined as the 
ratio of the actual t o  ideal j e t  thrust 

1. Ciepluch, C a r l  C., E'"l, E. George, and Steffen, Fred W. : Prelfm- 
inary Investigation of Performace of Variable-Throat mended- 
Plug-me Nozzles over Wide Range of Nozzle Pressure Ratios. XACA 
RM E53528, 1954. 
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2. I, H . George, and Beale, W i l l i a m  T . : Effect of Plug Design on 
Performance  Characteristics of Convergent-Plug  Exhaust  Nozzles. 
MCA FM E5QH05, 1954. 

3. Krull, E. George, and B e a l e ,  W i l l -  T.: Effect of Outer-Shell Design 
on Performance  Characteristics of Convergent-Plug  Nozzlee. NACA 
RM E5-2, 1954. 

.. 
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TABU I. - DIMENSIONS OF NCZZIE COJlFIGURATIONS 

(E) C o n i d  plug nozzle 

t-4"L-tc"K-l 

Config- Expansion Isentropic pressure 
uration I ratio, I ratio corregponding 

1 1.53 6.5 
2 2.25 13 -1 
3 1.90 9.7 
4 1.07 2.8 

5 1.73  0.2 
6 1.40 5 .o 
7 1.33  4.9 

Effective 
throat area, 

37.08 

30.79 
51.98 

29 .U 
46.72 

40.41 
27 -43 
32.43 
57.50 

31.30 
50 -62 
57 * 50 

8.86 4.13 4.48  2.81 26' 40' 

8.06 4.13 5.26 2.04 26O 40' 
8-86 4.13 5.85 1.45 260 40' 

8.86 4.13 2.03  5.27 260 40' 

8.30 3.96  4.66  2.81 30° 40' 
9.5 4-50 4.32  2.81 22O 8' 
9.86 4.38 4.24 2.81 l s o  9 0 1  
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2.50 
3 .OO 

1 
.74 

:Onfig- 
]ration 

8 
9 
10. 
11 

12 
13 
14 
15 

Expansion 
rat io, 

1.55 
1.87 
1.18 
2.37 

1.5 
1.24 
1.63 
1.35 

3.50 

1.53 4.50 
1.30 4.00 
1.09 

5.W 1.79 

5.50 

2-73 6.50 
2.39  6.00 
2.07 

Ismtropic  preseur 
r a t i o  correspondln 

to A , / h t ,  

P3/% 

6.2 
9.4 
3.7 
14.2 

6.2 
4.2 
7.3 
5.0 

Mdlfied plug - -  

(configurations 11-15) 
(shown by dashed line) 

38 .oo 
30.51 
46.37 
27.83 

39.13 
48.76 
33.96 
50.05 

- 
D, in. 

- 
6.57 
7.10 
5.84 
7.62 

6.48 
5.50 
6.60 
6.28 - 

* 

I 

b l  in. a 

7.87 
7.36 
30' 40' 

40' 6.77 
30' 40' 8.60 
300 40' 

7.91 30° 40' 
8.90 300 40' 
7.89 34O 
7.91 24O 

L 

.. . 
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(a)  conical plug. 

"" 

0 
h 

c1 

d 

4 

5 1.00 

g 
F 
u 

( b )  Isentropic pIu& 

1 .oo 

.90 

2.37 0.W8 

"" 

4 8 12 16 20 24 28 32 
Nozzle pressure ratio, P&y, 

36 

( c )  Modified laentropic plug. 

. Figure 3. - Effect of throat-area modulation xlth  translatable  outer shel.1 on performance Of 
convergent  plug nozzles.  
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t 

1.00 

.go; 
(a) mozzle pressure  ratio, 3. 

1.00 

.90 

2.6 

2.2 

1.8 

1.4 

1.0 
.7 .9 

(b) Nmzle pressure ratio, 10. 

Translatable outer  shell 

1. 1 1.3 
Relative  throat axe&, 

(c) m a n s i o n  ratio. 

1.5 

Figure 5. - Effect of throat-area  modulation on thrust 
coefficients and expansion  ratio of conical plug 
nozzle. 
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